Aqueous extracts of Salvia miltiorrhizae Bunge have been extensively used in the treatment of cardiovascular disorders and cancer in Asia. Recently, a compound, 5-(3-hydroxypropyl)-7-methoxy-2-(3Ј-methoxy-4Ј-hydroxyphenyl)-3-benzo[b]furancarbaldehyde (salvinal), isolated from this plant showed inhibitory activity against tumor cell growth and induced apoptosis in human cancer cells. In the present study, we investigated the cytotoxic effect and mechanisms of action of salvinal in human cancer cell lines. Salvinal caused inhibition of cell growth (IC 50 range, 4 -17 M) in a variety of human cancer cell lines. Flow cytometry analysis showed that salvinal treatment resulted in a concentration-dependent accumulation of cells in the G 2 /M phase. We observed, using Hoechst 33258 dye staining, that salvinal blocked the cell cycle in mitosis. In vitro and in vivo examinations showed that salvinal inhibited tubulin polymerization in a concentration-dependent manner. Immunocytochemical studies demonstrated that salvinal treatment caused the changes of cellular microtubule network, similar to the effect of colchicine. In addition, salvinal treatment resulted in upregulation of cyclin B1 levels, activation of Cdc2 kinase, and Cdc25c phosphorylation. Furthermore, elevation of levels of MPM-2 phosphoepitopes in salvinal-treated cells in a concentration-dependent manner was also observed. Similar to the effect of other antitubulin agent, hyperphosphorylation of Bcl-2, induction of DNA fragmentation and activation of caspase-3 activity occurred in salvinal-treated cells. In particular, salvinal exhibited similar inhibitory activity against parental KB, Pglycoprotein-overexpressing KB vin10 and KB taxol-50 cells, and multidrug resistance-associated protein (MRP)-expressing etoposide-resistant KB 7D cells. Taken together, our data demonstrate that salvinal inhibits tubulin polymerization, arrests cell cycle at mitosis, and induces apoptosis. Notably, Salvinal is a poor substrate for transport by P-glycoprotein and MRP. Salvinal may be useful in the treatment of human cancers, particularly in patients with drug resistance.
. The Vinca alkaloids, typified by vincristine, vinblastine, and vinorelbine, prevent the normal polymerization of microtubules (Jordan et al., 1998) . They are important in the treatment of leukemia, lymphoma, small cell lung cancer, and other malignancies (Rowinsky and Donehower, 1991) . Although the taxanes and the Vinca alkaloids are effective in the treatment of different kinds of human cancers, their potential is limited by the development of drug resistance. Resistance can be intrinsic or acquired, but in either case, tumors become refractory to a variety of structurally diverse anticancer drugs (Ramachandran and Melnick, 1999) . The best characterized mechanism of drug resistance to microtubule inhibitors is mediated by the overexpression of the 170-kDa P-glycoprotein (P-gp) drug efflux pump that is encoded by the multidrug resistance-1 gene and results in decreased drug accumulation (Germann, 1996; Ranganathan et al., 1996; Dumontet and Sikic, 1999) . In addition, structural and functional alterations in the ␣-and ␤-tubulins, resulting from either genetic mutations or posttranslational modifications, have also been identified in tumor cells with acquired resistance to taxanes and Vinca alkaloids (Ranganathan et al., 1996; Kavallaris et al., 1997 Kavallaris et al., , 2001 . Discovering new natural and synthetic compounds with effect in the treatment of drug-resistant tumors is therefore still attractive.
Salvia miltiorrhizae Bunge, commonly known as Danshen, has long been used as a traditional Chinese medicine for angina pectoris and acute myocardial infarction. Its nonplolar extracts contain tanshinones, which can inhibit platelet aggregation and protect myocardium against ischemia-induced derangement (Yagi et al., 1989; Lin et al., 2001) . Aside from its cardiovascular protective effect, aqueous extracts of this plant have been used in the treatment of cancers for decades. It was reported that crude extract of S. miltiorrhizae markedly prolonged the survival period of Ehrlich ascites carcinoma-bearing mice, and tanshinone II-A sodium sulfonate, a compound isolated from this plant, could potentiate the cytotoxic action of hydroxycamptothecin against Ehrlich ascites carcinoma (Chang and But, 1986) . In addition, several tanshinone analogs isolated from chloroform extract of S. miltiorrhizae exhibits cytotoxic activities against four types of cell lines derived from human carcinomas (Wu et al., 1991) . Whether other compounds isolated from this plant exerting cytotoxic activities against human cancer cells remains unknown. A compound, 5-(3-hydroxypropyl)-7-methoxy-2-(3Ј-methoxy-4Ј-hydroxyphenyl)-3-benzo[b]furancarbaldehyde (salvinal), was isolated from this herb, which has proven to be a potent adenosine antagonist (Yang et al., 1992; Scammells et al., 1998) . Since the initial reports, which focused on the isolation, total synthesis, and A1 adenosine receptor affinity, the cytotoxic effect of this compound toward human cancer cells remained unexplored. Recently, we found that this compound possesses inhibitory activity against tumor cell growth and induces apoptosis in a variety of human solid tumor cell lines. In this study, we describe the detailed molecular mechanism of action of this compound. We found that the cytotoxic effect of salvinal is through the inhibition of tubulin polymerization. In particular, salvinal is also found to be active in cellular overexpression of P-gp and MRP.
Materials and Methods
Synthesis of Salvinal. Salvinal (Fig. 1 ) was synthesized at the Department of Chemistry, National Taiwan University (Taipei, Taiwan) with use of the method described by Kuo and Wu (1996) . In brief, methyl ferulate was oxidized in acetone solution with aqueous ferric chloride to yield dihydrobenzofuran. Dihydrobenzofuran was then acetylated with acetic anhydride in pyridine. The acetylated dihydrobenzofuran was oxidized by dichlorodicyanobenzoquinone in dry benzene to afford a benzofuran. Benzofuran was hydrogenated with 10% palladium on carbon and p-toluenesulfonic acid in methanol solution and then simultaneously underwent deacetylation. The product was reprotected with a benzyl group, treated with diisobutyl aluminum hydride in dry tetrahydrofuran, selective-oxidized with manganese dioxide in ethyl acetate, and then finally deprotected with titanium tetrachloride in dichloromethane to obtain the target molecule as a yellowish solid. The desired product was confirmed by 1 H NMR and electron ionization/mass spectrometry and gave spectral data identical with literature values (Yang et al., 1991 (Yang et al., , 1992 Kuo and Wu, 1996) Cell Lines. Human oral epidermoid carcinoma KB cells, nasopharyngeal carcinoma HONE-1 cells, colorectal carcinoma HT29 cells, nonsmall cell lung cancer H460 cells, and glioblastoma multiforme DBTRG cells were maintained in RPMI 1640 medium supplied with 5% fetal bovine serum. Human breast carcinoma MCF-7 cells, gastric carcinoma TSGH, and hepatocellular carcinoma HepG2 cells were maintained in minimal essential medium supplied with 5% fetal bovine serum. The vincristine-resistant cell line, KB vin10, and the VP-16-resistant cells line, KB 7D, and the paclitaxel-resistant cell line, KB taxol-50, were maintained in growth medium supplemented with 10 nM vincristine, 7 M VP-16, and 50 nM paclitaxel, respectively. KB vin10 and KB taxol-50 cells overexpressed P-gp (J.-Y. Chang, unpublished data). KB 7D displayed a decrease in cellular topoisomerase II content, and overexpression of MRP (Ferguson et al., 1988) .
Growth Inhibition Assay. Cells in the logarithmic phase were cultured at a density of 5000 cells/ml/well in a 24-well plate. The resistant cells were cultured in drug-free medium for 3 days before use. The cells were exposed to various concentrations of the test drugs for 72 h. The methylene blue dye assay was used to evaluate the effect of the test drugs on cell growth, as described previously (Finlay et al., 1984) , and to determine the concentration of drug that inhibited 50% of cell growth (IC 50 ).
Cell-Cycle Analysis. Cells were incubated with various concentrations of salvinal for 24 h. After treatment, cells were washed with phosphate-buffered saline (PBS) and fixed in ice-cold 70% ethanol. The fixed cells were incubated with 5 g/ml RNase I and 1 g/ml propidium iodide, and then cellular DNA content was determined by a fluorescence-activated cell sorting IV flow cytometer (BD Biosciences, San Jose, CA). For quantitative assay of mitotic cells, after staining with Hoechst 33258 dye (Heald et al., 1993) , at least 200 cells and those with chromosome condensation were counted.
In Vitro Microtubule Assembly Assay. Microtubule polymerization was conducted in a 96-well microtiter plate with MAP-rich tubulin and various concentrations of salvinal in a buffer containing 100 mM PIPES, pH 6.9, 2 mM MgCl 2 , 1 mM GTP, and 4% (v/v) dimethyl sulfoxide (DMSO). The increase in absorbance was measured at 350 nm in a PowerWave X Microplate Reader (Bio-Tek Instruments, Winooski, VT) at 37°C and recorded every 30 s for 30 min. The area under the curve was used to determine the concentration that inhibited tubulin polymerization by 50% (IC 50 ). The area under the curve of the untreated control was set to 100% polymerization, and the IC 50 was calculated using nonlinear regression.
In Vivo Microtubule Assembly Assay. Separation of polymerized tubulin from tubulin dimmers and analysis of the effect of salvinal on tubulin polymerization in intact cells were performed as described by Blagosklommy et al. (1995) . In brief, HONE-1 cells at a density of 1 ϫ 10 6 /dish were treated with indicated concentrations of test agents for 24 h. Then, cells were washed with PBS three times before adding lysis buffer containing 20 mM Tris-HCl, pH 8.6, 1 mM MgCl 2 , 2 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 20 g/ml aprotinin and leupeptin, 1 mM orthovanadate, and 0.5% Nonidet P-40. Supernatants were collected after centrifugation at 10,000 rpm for 10 min at 4°C. The pellets were dissolved in a SDS-polyacrylamide gel electrophoresis (PAGE) sampling buffer and subjected to electrophoresis on a 10% SDS-PAGE gel. After electrophoresis, the proteins were transferred to a nitrocellulose membrane, and the membrane was then incubated with ␣-tubulin monoclonal antibody (Sigma). Detection of immunoreactive signal was accomplished with Western Blot Chemiluminescent Reagent Plus (PerkinElmer Life and Analytical Sciences).
Immunocytochemistry. HONE-1 cells plated on coverslips were treated with different concentrations of salvinal for 6 h. Colchicine and paclitaxel were included as control. After treatment, cells were fixed in the fixed solution [methanol/acetone; 1:1 (v/v)] for 1 h at Ϫ20°C and washed with PBS. Then the cells were blocked with 3% bovine serum albumin in PBS for 1 h and further incubated with 3% bovine serum albumin in PBS containing anti-␣-tubulin monoclonal antibody for 2 h at room temperature. After being washed with PBS, cells were reincubated with fluorescent isothiocyanate-conjugated secondary antibody in the dark room for 1 h. Cellular microtubules were observed with an Olympus BX50 fluorescence microscope (Opelco, Dulles, VA).
Colchicine and Tubulin Competition-Binding Assay. Tubulin was incubated with [ 3 H]colchicine in the presence of different concentrations of either unlabeled colchicine or salvinal in a buffer containing 0.05 M PIPES, pH 6.9, 1 mM MgCl 2 , and 1 mM GTP. The reaction mixtures were incubated at 37°C for 1 h. The samples were loaded onto a Sephadex G-50 column (Amersham Biosciences Inc., Piscataway, NJ) previously equilibrated with the buffer solution. The columns were placed into 1.5-ml tubes and spun at 750g for 2 min at room temperature, and radioactivity in the flow-through was analyzed by a scintillation counter.
Apoptosis Studies. Cells were washed once with ice-cold PBS, dissolved in lysis buffer (10 mM Tris, 10 mM EDTA, and 0.5% Triton X-100), and then incubated for 10 min at 4°C. Samples were spun down at 16,000 rpm for 20 min. Fragmented DNAs were isolated with the use of Wizard DNA Purification Kits (Promega, Madison, WI) and analyzed by electrophoresis on a 1.5% agarose gel. In addition, caspase-3 activation by HONE-1 cells after treating with various concentrations of salvinal for 24 h in triplicate at 37°C in 96 microtiter plates was measured by the cleavage of the fluorometric substrate Ac-DEVD-AMC according to the manufacturer's procedure (Promega).
Western Blot Analysis. Cells were initially seeded at 1 ϫ 10 6 cells in 100-mm 2 dishes. After treatment with various concentrations of salvinal for 24 h, adherent and floating cells were collected and lysed in ice-cold lysis buffer (50 mM Tris, pH 7.4, 0.8 M NaCl, 5 mM MgCl 2 , 0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride, 1 g/ml pepstatin, and 50 g/ml leupeptin) and cleared by microcentrifugation. Protein concentrations of lysates were determined using the BCA Protein Assay Reagent (Pierce Chemical, Rockford, IL), with bovine serum albumin as standard. Total cell lysates (50 g) were separated by SDS-PAGE and electrophoretically transferred onto nitrocellulose membranes. Filters were blocked with 5% skim milk/PBS-Tween 20 overnight at 4°C and probed with appropriate dilutions (as recommended by the manufacturers) of primary antibodies for 1 h at room temperature. Membranes were then washed three times in PBS containing 0.1% Tween 20 and subsequently incubated with appropriate horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. After washing, immunoreactive proteins were visualized using Western Blot Chemiluminescent Reagent Plus (PerkinElmer Life and Analytical Sciences). values of salvinal were in the range of 4 to 17 M, depending on the cell lines. HONE-1 cells exhibited the highest susceptibility to salvinal with an IC 50 of ϳ4 M. HT 29 cells displayed the lowest susceptibility to salvinal with an IC 50 of ϳ17 M. We then examined whether salvinal could induce apoptosis. HONE-1 cells were treated with different concentrations of salvinal for 24 h. Salvinal-induced apoptosis was determined both by DNA fragmentation and caspase-3 activation assay. Figure 2A shows salvinal-induced apoptosis in a concentration-dependent manner in HONE-1 cells. Furthermore, salvinal also induces apoptosis in a time-dependent manner in HONE-1 cells (data not shown). The formation of the DNA ladder was evident at a concentration of 8 M. In addition, we also observed an increase in the ability of cell lysates to clear the caspase-3 substrate, Ac-DEVD-AMC, in a concentration-dependent manner (Fig. 2C) . nal treatment resulted in a concentration-dependent accumulation of HONE-1 cells in the G 2 /M phase with concomitant losses from G 0 /G 1 phase (Fig. 3A) . No change of S phase was observed. The increment of sub-G 1 cells reached a plateau at the concentration of 8 M salvinal. Similar results were obtained with other cell lines (e.g., KB and HepG2 cells; data not shown). For quantitative analysis of mitotic arrest, cells were stained with Hoechst 33258, and the percentage of mitotic cells was calculated after counting at least 200 cells.
Results

Effect of Salvinal on Cell Proliferation and
Microscopic examination showed that HONE-1 cells treated with salvinal for 24 h led to cell-cycle arrest at metaphase with chromosome condensation compared with untreated cells with intact nuclei (Fig. 3B) . We further calculated the values of M-phase cells treated with different concentrations of salvinal for 24 h, as shown in Fig. 3C ; approximately 3% of cells were at M phase at time 0, and M-phase cells increased in a concentration-dependent manner and reached up to ϳ30% at the concentration of 20 M. Effect of Salvinal on Tubulin Polymerization. Because salvinal treatment caused cell accumulation in the G 2 /M phase, we then investigated whether salvinal could inhibit tubulin polymerization. To test this hypothesis, the effect of salvinal on microtubule polymerization was first examined in vitro. Figure 4A shows the result of microtubule assembly in vitro using MAP-rich tubulin. In control samples, absorbance at 350 nm (A 350 ) increased with time. The increase of A 350 reaches a plateau in 20 min. In the presence of 5 M colchicine, tubulin polymerization was inhibited more than 50% compared with that of the control sample. Furthermore, in the presence of salvinal, tubulin polymerization was inhibited in a concentration-dependent manner. The inhibitory concentration that reduced the polymerized tubulin by 50% is 17 Ϯ 3 M (n ϭ 3). In Fig. 4B , the effect of salvinal on microtubule assembly was compared with those of paclitaxel, vincristine, and colchicine during an in vivo assay. In the presence of 50 nM colchicine and 10 nM vincristine, the inhibition of microtubule assembly was observed, whereas 50 nM paclitaxel promoted tubulin polymerization. Similar to the effect of colchicine and vincristine, salvinal prevented tubulin polymerization in a concentration-dependent manner. We further examined the effect of salvinal on cellular microtubule network using immunofluorescence techniques. The microtubule network in control cells exhibited normal organization and arrangement (Fig.  5A) . Treatment with colchicine caused cellular microtubule depolymerization with short microtubules in the cytoplasm (Fig. 5B) . In contrast, paclitaxel treatment resulted in microtubule polymerization with an increasing in the density of cellular microtubules (Fig. 5C) . Furthermore, salvinal treatment resulted in findings similar to those of colchicine-induced microtubule changes (Fig. 5, D-F) . We further determined the nature of salvinal interactions with tubulin by binding colchicine-binding domains on tubulin using spin column assay. As shown in Fig. 4C , tubulin incubation with Effect of Salvinal on the G 2 /M Regulatory Protein and Bcl-2. To determine the relationship between salvinalinduced mitotic arrest, cyclin B1/Cdc2 activity, and Cdc25c and Bcl-2 phosphorylation, we initially examined the status of these G 2 /M regulatory proteins in HONE-1 cells. After 24 h of salvinal treatment, slower migration forms of phosphatase Cdc25c and the antiapoptotic protein Bcl-2 were present in cells (Figs. 2B and 6) , indicative of changes in the phosphorylation state of these proteins. Changes of Cdc25c and Bcl-2 hyperphosphorylation were evident after treatment of cells with 8 and 16 M of salvinal, respectively. As the dose of salvinal increased from 8 to 20 M, there was an increase in phosphorylation of Cdc25c. In contrast, there was a shift to faster migration form of the cyclin-dependent kinase, Cdc2, consistent with the hypophopshorylated, active form of the protein. However, only slight up-regulation of the cyclin B1 level was observed. We further examined the status of phosphorylation polypeptides found only in mitotic cells using MPM-2 antibody (Scatena et al., 1998) . After 24-h treatment with salvinal, significant elevation in the levels of MPM-2 phosphoepitopes in a concentration-dependent manner was observed.
Effect of Salvinal on Cell Proliferation in MultidrugResistant Cell Lines. Because the most thoroughly described drug-resistant mechanisms for microtubule inhibitors are overexpression of P-gp and MRP, we examined whether salvinal is cross-resistant with microtubule inhibitors in these drug-resistant cell lines. We treated parental KB cells, P-gp-overexpression KB vin10 and KB taxol-50 cells, and MRP-positive VP-16-resistant KB 7D cells with salvinal, vincristine, VP-16, paclitaxel, and colchicine for 72 h. As shown in Table 2 , Salvinal displays no cross-resistance with vincristine, paclitaxel, VP-16, and colchicine in these drug-resistant cell lines. These data indicate that salvinal, despite acting as a microtubule inhibitor, is a poor substrate of P-gp and MRP.
Discussion
The aqueous extracts of S. miltiorrhizae Bunge have long been used as a traditional Chinese herb medicine in the treatment of cardiovascular diseases, chronic hepatitis, and cancer (Chang and But, 1986) . Several active ingredients have been identified that are effective in protecting liver microsomes, hepatocytes, and erythrocytes against oxidative damage; inhibiting platelet aggregation; and reducing atherosclerosis, which results in protecting myocardium from ischemic damage (Yagi et al., 1989; Liu et al., 1992) . The specific components responsible for the antitumor activity from S. miltiorrhizae were primarily focused on one group of diterpenoids with a furano-1,2-or a furano-1,4-naphthoquinone skeleton (tanshinones), but the mechanism of action of these compounds remained to be elucidated. In the present study, we demonstrate that salvinal, another compound isolated from S. miltiorrhizae, is effective in inhibiting the cell proliferation and inducing apoptosis of various human cancer cells. Notably, salvinal in vitro was effective against three KB-resistant cells despite their P-gp or MRP status. This feature was distinct from vincristine, colchicine, VP-16, and paclitaxel because these three KB-resistant cells were more resistant to these chemotherapeutics than were KB cells. These data indicated that salvinal is a poor substrate for transport by P-gp or by MRP, suggesting that it might be useful for treating drug-refractory patients, particularly those with microtubule-interacting agent resistance. Salvinal treatment resulted in a concentration-dependent accumulation of HONE-1 cells in G 2 /M phase and caused an M-phase arrest. We hypothesized that salvinal could directly affect tubulin. Using in vitro and in vivo tubulin polymerization assays (Fig. 4, A and B) , we found that salvinal inhibited tubulin polymerization in a concentration-dependent manner. In addition, in contrast to paclitaxel-promoted tubulin polymerization, the pattern of salvinal-inhibited tubulin polymerization was similar to that of colchicine and vincristine. This was further confirmed by an immunocytochemical study showing that the effect of salvinal on cellular microtubule network was similar to that of colchicine (Fig. 5) . Salvinal thus can be classified as a "microtubule-depolymerizing agent". Microtubule-depolymerizing agents can be classified into categories depending on their binding sites on ␤-tubulin. Colchicine, flavonols, podophyllotoxin, and combretastatins bind to the "colchicine" domain; Vinca alkaloids, rhizoxin dolastatin, and phomopsin A bind to the "Vinca" domain (Hamel, 1996) . We determined the effect of salvinal on [ 3 H]colchicine binding to ␤-tubulin by competition assay. Our results show that the binding of colchicine is reduced by the salvinal, which shows that salvinal can interact in some way with tubulin. The reduction could occur by a variety of mechanisms, some having nothing to do with the binding of salvinal in the vicinity of the colchicine.
Progression of cells from interphase to mitosis involves major alterations in cellular structures and activities. It is well established that Cdc2/cyclin B complexes are involved in regulation of the G 2 /M phase and the M-phase transition. The activation of Cdc2 requires association with cyclin B and phosphorylation by a cyclin-dependent kinase-activating kinase (Russo et al., 1996; Draetta, 1997) . The activation of Cdc2 is accomplished by the phosphatase Cdc25c (Kumagai and Dunphy, 1991; Strausfeld et al., 1991) . During mitosis, Cdc2 and Cdc25c is present in a hypophosphorylated and hyperphosphorylated, respectively, active form (Hoffmann et al., 1993) . In addition, studies have shown that many phosphorylated polypeptides, recognized by MPM-2 antibody, can only be detected in mitotic cells (Davis et al., 1983; Westendorf et al., 1994) . Our results show that in addition to directly disrupting microtubules, treatment with salvinal results in the engagement of active Cdc2 kinase, and phosphorylation of Cdc25c, Bcl-2, and MPM-2 epitopes. These changes in protein phosphorylation are consistent with anti-tubulin agent-induced cell-cycle arrest in mitosis, as shown previously (Scatena et al., 1998) .
The Bcl-2 family plays a central role in the control of apoptosis. Studies have shown that Bcl-2 can promote cell survival by inhibiting the process of programmed cell death or apoptosis (Korsmeyer, 1995) . Overexpression of Bcl-2 has been shown to prevent chemotherapeutic agent-induced apoptosis associated with altered mitochondria membrane potential (Decaudin et al., 1997) . Furthermore, treatment of cells with phosphatase inhibitor resulted in cell death, suggesting that phosphorylation of Bcl-2 inhibits its function (Haldar et al., 1995) . In addition, a number of studies indicated that microtubule inhibitors, including paclitaxel and vinblastine, are able to induce apoptosis by stimulating Bcl-2 phosphorylation (Jiang et al., 1998; Tahir et al., 2001) . In our study, we show that like other microtubule inhibitors, salvinal is able to induce Bcl-2 phosphorylation and apoptosis. Although many microtubule-interacting agents cause the appearance of two slower migrating bands, suggesting multiple phosphorylation states, this was not observed with salvinal, indicating the possibility of subtle differences in Bcl-2 phosphorylation among the microtubule-interacting agents.
In conclusion, we demonstrate for the first time that salvinal, a natural product isolated from S. miltiorrhizae Bunge, has antiproliferative activity against various human solid tumor cells. It seems to inhibit mitosis in cancer cells. In particular, salvinal displays no cross-resistance with known existing microtubule inhibitors, including Vinca alkaloids and taxanes, in cells overexpressing P-gp or MRP. Further exploration of salvinal as an antitumor compound is worthwhile.
